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(54) Hard coating and coated member 

(57) A coating and a coated member having low 
coefficient of friction and suitable to be used in the pres- 
ence of a lubricant oil is provided. The coated member 
has a coating (2) formed on a substrate (1). The coating 
is provided at least partially on a sliding surface. The 
coating (2) has a layer mainly consisting of carbon. The 
coated member is used in the presence of a lubricant 
oil. Desirably, the lubricant oil contains an aromatic 
compound. 
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Description 



[0001] The present invention relates to a hard coating mainly consisting of carbon and a coated member. More spe- 
cifically the present invention relates to a hard coating and a coated member used in the presence of a lubricant in 

5 industry and at homes having improved wear resistance, low coefficient of friction, less attacking nature (amount of 
wear of the counterpart is small), improved corrosion resistance and improved function of surface protection. 
[0002] Conventionally, parts used at a sliding portion of an automobile engines, a fuel pump and various machines 
have been subjected to surface processing to improve sliding characteristic. The sliding characteristic is determined by 
wear resistance, seizure resistance and the coefficient of friction. In order to improve these characteristics, attempts 

10 have been made to improve quality of the surface of a member or to coat the surface of a member by nitriding, plating, 
thermal spraying or physical deposition. Surface coating by physical deposition, among others, has been known to 
exhibit superior sliding characteristic (for example, see Japanese Patent Publication No. 1-52471, Japanese Patent 
Laying-Open No. 62-120471). 

[0003] Specifically, a hard carbon film referred to as diamond like carbon (DLC), i-C or amorphous carbon has been 
15 known as a material which improves sliding characteristic of a part when provided on the surface of the part DLC 
mainly consist of carbon and sometimes contains hydrogen, in which carbon atoms have SP 2 bond or SP bond, while 
it is as a whole an amorphous material. Because of the film characteristic and surface smoothness, DLC has low coef- 
ficient of friction and high wear resistance, and has been widely used. 

[0004] Most of the parts used at the sliding portion of internal combustion engine and various machines are used 
20 in the presence of a lubricant oil. Recently, in view of environmental influence, decrease in wear loss generated by these 
parts has been strongly desired. When viewed from the point of material, in order to meet the demand, it is necessary 
to improve wear resistance and to decrease the coefficient of friction in the presence of a lubricant oil. 
[0005] The friction force in the presence of a lubricant oil is determined by the sum of a friction force generated by 
a solid-solid contact and a shear force necessary to separate lubricant oil molecules, as represented by the following 
25 equation. 

F=A{aSm+(1-a)S*} (1) 

[0006] F: friction force, A: load, a: ratio of solid-solid contact at a sliding surface, Sm: coefficient of friction of solid- 
solid contact Si: coefficient of friction of lubricant oil molecule-lubricant oil molecule. 

[0007] Therefore, in order to decrease the coefficient of friction in the presence of a lubricant oil, possible 
approaches are as follows: 
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(1) to decrease solid-solid coefficient of friction Sm; and 

(2) to decrease the ratio a of solid-solid contact (to increase ratio of lubrication by the lubricant oil). 



[0008] For the approach (1), at present, it is considered effective to improve quality or coat the surface of a part by 
nitriding, plating, thermal spraying, CVD or PVD, and such attempts have exhibited significant effects as compared with 
the conventional parts. 

40 [0009] For the approach (2), an attempt to reduce the ratio of solid-solid contact by reducing surface roughness of 
the surface of the part by super polishing and an attempt to increase the ratio of lubrication by the lubricant oil by form- 
ing appropriate dents or recesses on the surface of the part to facilitate formation of an oil film and to increase the thick- 
ness of the oil film have been made. 

[001 0] Now DLC is also used as a protective layer mainly of a magnetic recording medium. In this field, the struc- 
45 ture of the DLC coating is analyzed by Raman scattering spectroscopy, EELS (Electronic Energy Loss Spectrum) or 
infrared spectroscopy. Particularly, in order to further improve durability while maintaining the coefficient of friction or fur- 
ther to decrease the coefficient of friction, a proposal has been made in which the profile of Raman spectrum is defined 
by Raman scattering spectroscopy, as described, for example, in the following articles. 

[0011] Definition of peak intensity ratios appearing around 1550cm' 1 and around 1340cm* 1 : Japanese Patent Lay- 
so inq-Open Nos. 2-29919. 3-37109, 5-151560. 5-174368 and 5-325175. 

[0012] Definition of area intensity ratio: Japanese Patent Laying-Open Nos. 6-111287, 6-267063, 6-349055. 7- 
85465 7-192254. 9-91686 and 10-91935. 

[0013] Definition of fluorescent intensity ratio of the peaks: Japanese Patent Laying-Open Nos. 8-329450, 9- 
153213, 11-25441, 11-86275 and 10-49856. 

[001 4] An example in which the hard carbon film is applied in the presence of a lubricant oil, however, has been not 
known Further, conditions of the coating to be used in the presence of a lubricant oil have not been optimized. Though 
there are a few examples defining the hardness of DLC (Japanese Patent Laying-Open Nos. 1-226711, 5-117087, 9- 
40494 and 5-1 17856), these examples are all directed to improved adhesion between DLC and the substrate, and not 
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directed to optimization of the conditions of the coating in the presence of a lubricant oil. 

[0015] As to the approach of "decreasing solid-solid coefficient of friction Sm", even a material having both good 
wear resistance and low coefficient of friction such as DLC has the coefficient of friction of about 0.1 , and creation of a 
material which enables lower coefficient of friction may be difficult. Therefore, it is difficult to further decrease the coef- 
5 ficient of friction in the presence of a lubricant oil simply by "decrease of solid-solid coefficient of friction Sm." 

[0016] As to the approach of "decreasing the ratio a of solid-solid contact", the condition of use of the part would 
be more severe and wear of the part is expected in case where the part should possibly be slid with insufficient lubricant 
oil. Further, super polishing or introduction of dents will lose the effect when the surface shape would be changed by 
wear. 

10 [001 7] : The articles related to DLC as the protective layer of the magnetic recording medium are all related to hard 
carbon films formed by CVD or sputtering. Further, such hard carbon films contain hydrogen of about 20 at.% or more. 
Further, because of the function as a protective layer of the magnetic recording medium, the film thickness is very thin, 
generally smaller than 0.1 u.m. 

[0018] By contrast, when the parts used for sliding portions of automobile engines, fuel pumps and various 
is machines are considered, the field of use requires higher durability than for the magnetic recording medium. Though 
proposals have been made in Japanese Patent Laying-Open Nos. 5-296248 and 5-186287, for example, lower coeffi- 
cient of friction and higher wear resistance are still desirable. 

[0019] Therefore, an object of the present invention is to provide a hard coating and a coated member having 
improved wear resistance and a lower coefficient of friction in the presence of lubricant oil while maintaining high wear 
20 resistance, high seizure resistance and small attacking property. 

[0020] The above described object of the present invention can be attained by the hard coating used in the pres- 
ence of a lubricant and includes a layer mainjy consisting of carbon. The features of the coating will be described in the 
following. 

25 (Lubricant) 

[0021 ] The hard coating of the present invention, though it also exhibits its effect in air, exhibits the significant effect 
of decreasing the coefficient friction especially in the presence of a lubricant. Preferable lubricant may be selected from 
the group consisting of engine oil, light oil, gasoline, gear oil, turbine oil, spindle oil, machine oil, mobile oil, aircraft lubri- 

30 cant oil and grease. Particularly, the lubricant in the coating according to Figs.2, 3A and 3B preferably includes an aro- 
matic compound mixed in any of the lubricant oils listed above. The aromatic compound refers to a carbocylic 
compound having a benzene nucleus, and generally to organic compounds including aromatic hydrocarbon such as 
benzene, napthalene and anthracene and derivatives thereof. As to the content of the aromatic compound, it is pre- 
ferred to that ratio of carbon forming the aromatic cycle is at least 5 wt% of the total amount of carbon in the lubricant 

35 oil. If the ratio is smaller than 5%, the effect of improved lubricancy is insufficient 

[0022] The reason why DLC decreases the coefficient of friction and improves wear resistance in the presence of 
lubricant oil containing an aromatic compound as compared with the lubricant oil not containing the aromatic compound 
is not clear. It may be the case that the ratio of lubcrication is increased in the lubcricant oil. The lubcricant oil molecules 
are adsorbed by the van der Waals force at the surface of a material in the sliding state. If the adsorbing force is high, 

40 a strong oil film is formed and the thickness of the oil film increases, resulting in increased ratio of lubrication in the lubri- 
cant oil. As the aromatic compound has high adsorbing force with the DLC surface, a strong oil film tends to be formed, 
so that the distance between friction surfaces is increased, whereby the ratio of lubcrication in the presence of the lub- 
cricant oil is increased. As the thickness of the oil film of the lubcricant oil increases, the ratio (a) of solid-solid contact 
at a sliding surface decreases and the area of solid-solid contact reduces. Therefore, the coefficient of friction 

45 decreases and the amount of wear at the time of sliding is reduced as a result. 

(Composition and Structure of Hard Coating) 

[0023] A typical example of the layer mainly consisting of carbon is DLC. Here, DLC refers both to the one substan- 
so tially consisting of carbon only as well as and the one substantially consisting of carbon and hydrogen only. "Substan- 
tially consisting of carbon only" means that the coating does not contain any element except for elements as impurities 
unavoidably existing in the process of formation It is often the case for hard coatings that DLC contain hydrogen, which 
exists in the reaction atmosphere at the time of film formation. The hydrogen content of the hard coating substantially 
consisting of carbon only in the present invention is at most 5 at.% and more preferably, at most 1 at.%. 
55 [0024] The hard coating having low hydrogen content can be implemented by forming the film in an atmosphere not 
containing hydrogen atoms. When the film is formed in an atmosphere containing hydrogen atoms, it is preferred that 
a gas having lower hydrogen content than methane, such as acetylene and benzene is used. 

[0025] As to the structure of the coating, it is preferred that a coating 2 formed on a substrate 1 consists only of DLC 
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as shown in Fig 1 , for example. The DLC coating, however, may be a composite coating with other compound. The 
compound to form the composite structure may be a compound containing at least one selected from the elements of 
IVa Va and Via groups of the periodic table, iron group metal. Al and Si, as well a carbide, a nitride and a nrtrided car- 
bide of these elements. The composite structure may be provided in the following manner. 

® DLC forms a compound layer 3 with other element (Fig. 2). In this example, the other element and DLC are 
mixed in atomic levels and bonded. Though mixed existence of DLC and the other element can be confirmed by 
elemental analysis, a peak of XRD (X-ray diffraction) is not observed. 

© In a coating layer 4 consisting of DLC only, particles 5 of the other compound are composed (Fig. 3A). That the 
other compound particles are-composed refers to a state In which a definite stacked structure jsjnotobserved by a 
transmission electron microscope and a diffraction peak of the other compound is observed by XRD. The grain 
diameter of the other compound can be calculated by a half value width of XRD. It is preferred that the gram d.am- 
eter of the other compound is in the range of 0.001 to 0.5 urn. In a test which will be described later, any compound 
of which grain diameter is smaller than 0.001 um was not observed. When the grain diameter exceeds 0.5 urn the 
influence of tribological characteristic of the other compound appears, abruptly increasing the coefficient of friction. 
@ A coating layer 6 consisting of DLC only and the layer 7 of other compound are stacked alternateV (Fig. 3B). In 
tWs example, definite stacked structure is observed by a transmission electron microscope. It is preferred that each 
laver of the other compound has the thickness of 0.0005 to 0.6 um. The thickness of each layer is calculated in the 
followina manner First, the growth rate of each of the coating layers formed of DLC only and the coating layer 
ioZ ; 9 ofThe otJercompound is given by experiment Tne thickness of each layer is calculated from the : time of 
forming one layer. The limit layer thickness at which the stacked structure could be observed was studied by the 
nTsmlsion electron microscope, and the stacked structure was not observed when the layer thickness was 
smaller than 0 0005 um. When the thickness exceeded 0.6 pm, the coefficient of friction increased. As compared 
wrth the coating of DLC only, the other compound generally has high coefficient of friction, and therefore when the 
tftickness increases, the influence of the friction wear characteristic of the other compound appears, resulting in 
abmpl t hclease in the coefficient of friction. Therefore, it is suitable that the outermost surface of the coating of the 
stacked structure has the layer consisting of DLC only. 

[0026] A composite structure including particles or a stacked structure may be provided by appmpriatety combining 
the the portion (layer) consisting of DLC only, the portion (layer) where DLC forms a compound wrth the other ele- 
menr ^e portion (layer) where particles of the other compound are composed in DLC" and "the portion (layer) o the 
otner Compound- More specific^, as shown in Fig. 4A. the coating as a whole may be provided as a composrte struc- 
t *e n C ro?ng P3rtte.es. which includes particle portions 8 and remaining portion 9. with each of the particle portions 8 
and he remaining porton 9 formed by the portion consisting of DLC only*, the portion where DLC forms a compound 
wrtn the oZ TeSnenr. the portion in which particles of the other compound is composed/complexed in DLC" or the 
port on >o< the othe"com P ound P - Aiternatively. as shown in Fig. 4B. the coating as a whole may be .provided las . i stacked 
structure including first layer 10 and second layer 11. with each of the first and second layers 10 and 1 1 being formed 
□rCC conLing of DLC only, the .ayer where DLC forms a compound wtth the other e lement" ^e layer in 
which particles of the other compound is composed in DLC" or the layer of the other compound. In © tne composrte 
smicture in which DLC forms a compound layer 3 wrth the other element" and ■ <D stacked structure", the other com- 
pound" may be amorphous. 

(Hardness of Coating) 

[00271 It is preferred that the hard coating has Knoop hardness (Hk) of at least 1800 kg/mm 2 and at most 8000 
kg/mm*. More specifically, it is preferred that the coating has Knoop hardness of at least 2000 kg/mm 2 and at most 6000 

mm*' The hardness is measured by the indentation fracture method. A Knoop indentator formed of diamond is 
used the load is 50g and the time of applying load is 1 0 seconds. An average value of ten measurement points ,s ; taken. 
When the coating surface is rough and it is difficult to confirm the shape of the dent or trace, buffing is performed using 
diamond paste of #8000. so as to enable observation of the shape of the dent or trace. - . 

rao291 The reason why increased hardness decreases the coefficient of f riction is not clear. One possible reason is 
as follows Generally, the friction force is in proportion to an actual contact area and the load. When solid bodies are in 
contact with each other, not the macroscopic contact surface as a whole is in contact but m.croscop.c protrusions such 
as surface roughness or ridges are in contact. The area of such contact is called the actual contact area. When the 
actuarintact area increases, the friction force increases and hence the coefficient of friction attains higher The actual 
contact surface which is the protruded portion exceeds the elastic limit as the load increases, and starts plasty de or- 
mation so that the actual contact area increases. Here, as the surface hardness increases, elasticity and elastic limit. 
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of the material also increase, and therefore the mount of deformation reduces if the load is the same, and the actual 
contact area reduces. More specifically, the increased surface hardness decreases the actual contact area, and as a 
result, reduces the friction force. 

5 (Surface Roughness of Coating) 

[0030] As to the surface roughness of the hard coating, it is desirable that a central line average roughness Ra is 
at least 0.005 jim and at most 0.2 urn. 

[0031] When the surface roughness of the hard coating is within the above described range, the coefficient of fric- 
10 tion in the presence of lubricant oil can be reduced. The actual contact area mentioned above increases when there are 
large number of surface protrusions, that is, when Ra is large. Therefore, when the film has both small Ra (of at most 
0.2nm) and high Knoop hardness, the coefficient of friction in the presence of the lubricant oil would be lower than that 
of the coating which simply has high Knoop hardness (of at least 1 800 kg/mm 2 and at most 8000 kg/mm 2 ). Though 
lower surface roughness is preferred, it is technically difficult to form a coating of which Ra is smaller than 0.005 ujti. 
15 Therefore, in order to attain the lower coefficient of friction, it is desirable that Ra is at least 0.005 urn and at most 0.2 
jam. The surface roughness Ra may be measured in accordance with the method defined by JIS B0601 . More specifi- 
cally, the measurement distance is 2.5 mm, the speed of measurement is 0.3 mm/s, Cut-off value is 0.8 mm, and an 
average value of eight measurement points is taken. 

[0032] Among the factors determining the surface roughness of the hard coating, the most important is the surface 
20 roughness of the substrate on which the coating is formed. Therefore, before forming the coating, the surface of the 
substrate is lapped by abrasive materials or abrasive grains to reduce Ra. The surface roughness Ra of about 0.2 jim 
can be attained by grinding process. As to the method of forming the coating, a coating with considerably low surface 
roughness car be formed by RF excited plasma CVD, ion beam deposition or sputtering. When vacuum arc discharge 
deposition is utilized however, lapping of the coating by abrasive materials or abrasive grains is effective after film for- 
25 maticn to attain the surface roughness of 0.02 jim or lower. 

[0033] H is preferred that both conditions of the hardness and the surface roughness are satisfied. Particularly, a 
coating when satisfies the condition that a numerical value A, where A= Ra (^m) x Hk (kg/mm 2 ) is at most 500 is 
desirable to maintain the low attacking characteristic. When the coating has high hardness, attacking characteristic 
increases (the amount of wear of the counterpart increases). The attacking characteristic also increases when the sur- 
30 face mughness increases. When the numerical value A is at most 500, however, attacking characteristic can be sup- 
pressed Namely, even when the hardness is high, attacking characteristic can be suppressed "if the surface roughness 
is decreased, and even when the surface is rough, the attacking characteristic can be suppressed if the hardness is 
decreased The value A should preferably be at most 300 so as to suppress the attacking characteristic effectively. 

35 (Spectral P^ofi e of the Coating) 

[0034] it is prefen-ed that the hard coating has a peak at a wave number of at least 500 and at most 1000 cm* 1 in 
Raman spectrum. 

[0035] The Raman spectrum is obtained by Raman scattering spectroscopy, using an argon ion laser having the 
AO wavelength of 51 4.5 nm. More specifically, from the obtained waveforms of the spectrum, background is removed, peak 
waveforms are separated by utilizing Gaussian function, and each peak is optimized by the non-linear least square 
method. 

[0036] in the hard coating in accordance with the present invention, peak waveforms are observed at three portions 
in total, that is, between 500 to 1000 cm* 1 , around 1340 cm" 1 and around 1560 cm" 1 . In the conventional hard -coating 
45 formed by CVD. the peak between 500 to 1000 cm" 1 is not observed. The coating structure having a peak between 500 
to 1000 cm 1 realizes further reduced coefficient of friction. 

[0037] Further, when the intensity ratio (I 600/1 1340) between the peak intensity (I 600) existing in the range of 500 
to 1000 cm* 1 of the wave number and the peak intensity (I 1340) existing around 1340 cm" 1 is in the range of 0.02 to 
2.5. both the low coefficient of friction and the high wear resistance can be attained. 

so [0038] The reason for this may be that the amount of SP 3 bond is increased, decreasing the coefficient of friction. 
Though peak intensity (height) has been considered, the intensity ratio of peak integration is also concerned. The inten- 
sity ratio of peak integration (S600/S1340) should desirably be 0.01 to 2.5. When the intensity ratio of peak integration 
is smaller than 0.01 , the coefficient of friction and the wear resistance are comparable to those of the conventional hard 
coating. In the embodiment of the present invention, which will be described later, it was impossible to form a coating 

55 having the peak intensity ratio of 2.5 or higher. 

[0039] It is preferred that these hard coatings consists substantially of carbon only. In a hard coating substantially 
consisting of carbon only, the peak is observed between 500 to 1000 cm" 1 . 

[0040] In a hard coating substantially consisting of carbon only, when the ratio (S1 340/SS1 560) between the peak 
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■ * hmsboi around 1560 cm' 1 and the peak integration intensity (S1340) around 1340 cm" 1 of the 

haTcoSn^e mainly hard coatings containing hydrogen, and hence, film composrt.cn .s different from the hard 
i-natinn in accordance with the present invention. 

roll F^heMn addition to the peak integration intensity, the peak intenstty (height) ratio (. 1340/. 1560) is also 
concerned When 'he ratio is in the range of 0.1 to 1 .2, the low coefficient of friction and the h.gh wear ^.stance are 
!!hST The ratic of the peak intensity around 1560 cm' 1 and the peak intensity around 1340 cm is also referred to 
l^^^J^S^» the amount of existence of the bonding states (SP 2 . SP 3 ) of carbon in the coating. 
Thouah the ptak* "tensrt^o does not direct* represent the content of SP 2 , relative order of contents can be deter- 
Though the peak ■mensny- ■ - decreases when the peak intensity around 1 560 cm- 1 -.s h.gher.- 
Ira M^XTe ^ToU^l^eoresse, and the wear resistance is improved when SP 3 bondmg is 
. ESdoil 560 exceeds 3 and when 1 1 340/1 1 560 exceeded 1 .2. that is, when SP 3 bond is weak, both the 

-ere comparable to those of the conventional, hard coating. When 
ZSSZlZo I^S^tan 0.3 and . 1340/1 1560 was smal.erthan 0.1, SP 3 bonding was too high to attam suffi- 

The peak pos,t.on °f Raman JJ~^" ™ shifts to the side of higher wave number and when the residual stress is 

hlaher wear resKant in be exhibited when the residua, stress of the hard coating is high in the compressive stress 
Xx L XenZpeZi on the side of higher wave number). The compressive stress calculated ,n tenris of the amount 
(that is when tne P ei * method) before and after coating film formation of the substrate was at least -4GPa and 

T:T^^T^Zttwe stress and the peak position of Raman peak around 1560 cm- exhibited 

a ~ to Raman scatterin9 sp r os r 

exhSs the^owest coeSnt of friction and the highest wear resistance among the examples of the present invention. 
(Density of Coating) 

r 0 0441 It is preferred that the coating has a density of 2.6 to 3.6 g/ cm 3 in view of lower^effcient of fr^on ar^ 
[0044] ii is P re '«' desired that the coating substantially consists of carbon only with the density 

n wJhTn mi rano ca.culated'by dividing the change in weight of the samp.e (sub- 
S iS^t^^l^fS^n by deposition volume. Attentively, the density may effectively be calcu- 
f£d b^ ^ Loss Spectrum) orXPS (X-ray Photoelectric Spectrum). 

(Ratio of SP 2 Bond) 

ro0451 It is desired that carbon component having SP 2 bond in the hard coating is 1 to 40 at.% It has beer, already 
h .rih^H IZ S bond has an influence on the wear resistance and the coefficient of friction of coating m the pres- 

trum measured by EELS is standardized by peak intensity of graphite (SP 2 ratio ,s 100 at /„) to find SP ratio. 
(Thickness of Coating) 

* «>w that the thickness of the coating as a whole (when there is an intermediate layer, which will be 
[0046] It is preferred ,aver is not included is 0.05 to 1 00 urn. When the thickness is smaller. 

Wher J the^cknes"; f ex^edTlOO pn, the coating becomes fragile and easy to be damaged. Preferab.e range is 0.05 
urn to 10 urn and more preferable range is 0.1 urn to 1 0 urn. 

(Substrate) 

roo471 The hard coating described above is formed on a substrate. The suitable substrate is a component part of 
SrnalSmSor^ engL. The application to a component requiring high durability such as mechanical parts and 

-oad concLn * preferred, rather than the field where the .oad is light, such as a magnetic 
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recording medium. 

[0048] The substrate is not specifically limited. At least one selected from the group consisting of ceramics, iron 
based alloy, aluminum alloy and iron based sintered body is suitable. The ceramics may include silicon nitride, alumina 
and zirconia. The iron based alloy may include high speed tool steel, stainless steel and SKD. An aluminum alloy may 
5 include duralumin. Further, WC based cemented carbide and cermet may be used. The type of the substrate is 
expressed based on the Japanese Industrial Standards. 

(Formation of Intermediate Layer) 

10 [0049] The coating described above may directly be formed on a substrate. Provision of an intermediate layer 12 
(see Figs. 1 and 2) between the substrate and the coating, however, is preferable to improve adhesion between the two. 
As to the material of the intermediate layer, a material having the coefficient of linear expansion between that of the sub- 
strate and that of the coating is preferable. For example, at least one material selected from IVa, Va, Via group elements 
of the periodic table, ion group metal, Al and Si as well as a carbide, a nitride and a nitrided carbide of these elements 

75 may be used. Though a single layer of an element of IVa, Va, Via groups of the periodic table, nitride, carbide or nitrided 
carbide of these elements may be effective as the intermediate layer, it is more effective to provide a layer formed of an 
element of IVa, Va or Via group of the periodic table or Si (metal layer) on the surface of the substrate and to provide a 
nitride, a carbide or nitrided carbide layer (compound layer) of these elements on the coating side. In this case, it is 
effective that the transition from the metal layer to the compound layer is continuous in composition. Namely, the carbon 

20 or nitride content is adapted to change continuously. Transition from the compound layer to a carbon layer may also be 
stepwise in composition or the carbon content may continuously increase. The thickness of the intermediate layer 
should preferably be 0.01 |im to 1 um, in order to improve adhesion between the coating and the substrate. 

(Method of Forming the Coating) 

25 

[0050] Means to form the coating (including the intermediate layer) may be RF plasma CVD, DC magnetron, unbal- 
anced magnetron sputtering, vacuum arc discharge deposition, ion beam deposition, laser aberration and the like. 
[0051] The film in which particles of other compound are included can be formed by mainly changing the material 
of film formation and the supply time. When a film grows, nuclei are formed on the surface of the substrate, which nuclei 
30 grow to a number of islands. Each of the islands grows and is integrated with adjacent islands, whereby a layer is 
formed. Therefore, when a film is formed by a different material before each of the islands is integrated with adjacent 
islands to form a film of the different material between the islands, when viewed three-dime nsionally, the portion contain 
particles of the other compound composed in the different material. 

[0052] The coating having a stacked structure can be formed. After one raw material formed one layer, the other 
35 material was supplied and formed the other layer. Such steps were repeated. 

(Portion where the Coating is to be Formed) 

[0053] The portion where the coating is to be formed is that portion which requires wear resistance. For example, 
40 the surface sliding over the counterpart of the substrate, that is, the entire sliding surface is preferred. Dependent on 
the shape of the substrate, for example, the coating may be provided only on a part of the sliding surface. 
[0054] As described above, according to the present invention, by providing a coating mainly consisting of carbon 
on a surface of a substrate and using the same in the presence of a lubricant, the coefficient of friction can be reduced 
and wear resistance can be improved. Therefore, application to a sliding member used in the presence of a lubricant 
45 oil in industry and at homes is expected, to improve wear resistance, sliding characteristics, corrosion resistance and 
the function of surface protected. Especially, application to automobile engines, fuel pumps and sliding portions of var- 
ious machines is expected. 

[0055] The foregoing and other objects, features, aspects and advantages of the present invention will become 
more apparent from the following detailed description of the present invention when taken in conjunction with the 
so accompanying drawings, provided by way of example. 

Fig. 1 is a cross section of a sliding member in accordance with the present invention having a coating formed of 
DLC only. 

Fig. 2 is a cross section of a sliding member in accordance with the present invention having a coating in which DLC 
55 and other compound are bonded. 

Fig. 3A is a cross section of a sliding member in accordance with the present invention in which particles of other 
compound are composed in a layer formed of DLC only, and Fig. 3B is a cross section of a sliding member in 
accordance with the present invention having a stacked structure including the layer formed of DLC only and other 
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compound layer. 

Fia 4A is a cross section of a sliding member in accordance with the present invention in which particles are com- 
posed in the remaining portion, and Fig. 4B is a cross section of a sliding member in accordance With the present 
invention having a stacked structure of first and second layers, 
s Fig 5 is a schematic diagram of an RF excited plasma CVD apparatus. 

Flq 6 is as schematic diagram of a vacuum arc discharge deposition apparatus. 

Fia 7 is a graph representing a relation between the Knoop hardness and the coefficient of friction of coatings. 
Fig. 8 is a graph representing a relation between the hardness and the coefficient of friction of the coating in accord, 
ance with the present invention with intermediate layers. , K - x 

w Fig. 9 is a graph representing a relation between the hardness and the coefficient of friction of the coatings of which - 
Knoop hardness is 2000 to 6000 kg/mm 2 and Ra Is 0.005 to 0.2 pm. 

Ha 1 0 is a graph representing a relation between Ra x Hk and the ratio of the amount of wear. 
Fig! 11 is a graph representing a relation between the hardness and the coefficient of friction of the coatings in 
accordance with the present invention with intermediate layers. 
75 Fig. 1 2 is a graph representing a relation between the stress and SP J peak position. 

ro0561 Embodiments of the present invention will be described in the following. 

100571 Coating samples mainly consisting of carbon were formed on substrates with or without an intermediate 
layer and presence/absence of peeling of the coating, the coefficient of friction and the wear amount were studied. The 

«, followina conditions were common to Examples 1 to 4, which will be described later. 

loSr WC : bied cemented carbide, silicon nitride (Si 3 N 4 ). alumina (Al 2 0 3 ). A. based alloy. SKH51 , SUS304c and 

SCM41 5 were used as the substrates. ^ 

ro0591 As to the method of film formation of the coating, RF plasma CVD (RF-CVD). ion plating (I P), vacuum arc 
discharge deposition (VAD) and sputtering (SP) were adopted. RF-CVD/IP represents both methods utilfced together. 

25 When RF-CVD is adopted, hydrogen carbide gas (CH 4 ), ammonia or N 2 and hydrogen were used. When a metal ele- 
ment was added, the metal was added in the form of a chloride or an alkoxide in a gas phase, or a solid raw material 
was evaporated. In the VAD method, solid evaporation source metal or ceramics was used with the atmosphere gas 
being hydrogen carbide-Ar based gas. solid evaporation source of carbon and metal or ceramic were used for film for- 
mation in Ar based gas atmosphere or without atmosphere gas. In the SP method, RF-magnetron sputtenng was 

30 adopted in which solid evaporation source of carbon and metal or ceramics were sputtered in Ar atmosphere. Specific 
conditions and ranges for the respective methods of film formation are as shown in Tables 1 to 4 Table 1 represents 
conditions for RF-CVD, Table 2 represents conditions for VAD, Table 3 represents conditions for SP and Table 4 repre- 
sent conditions for IP. 



35 



40 



Table 1 



RF-CVD 


RF power 


W 


1 00-800 


gas sources 




CH4, C2H2, CgHs 


pressure 


Pa 


0.133-133 


heater temperature 


°C 


25-500 ! 



45 



Table 2 



Vacuum arc discharge deposition 




cathode current 


A 


30-120 


substrate bias 


V 


-800-0 


gas pressure (when Ar is introduced) 


Pa 


0.2-8 


number of rotation of substrate holder 


rpm 


0-30 
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Table 3 



Sputtering 



su putter power 


W 


200-800 


bias applied to substrate 


W 


0-200 


gas pressure 


Pa 


0.02-8 


number of rotation of substrate holder 


rpm 


0-30 


heater temperature 


°C 


25-700 


Table 4 


jon plating 


electron beam current j 


mA 


20-300 


bias applied to substrate 


W 


0-800 


gas pressure (when Ar is introduced) 


Pa 


0.002-8 


number of rotation of substrate holder 


Rpm 


0-30 


heater temperature 


°C 


25-500 



[0060] TIN, TiCN, Al 2 0 3 , SiC and the like were used as the materials of the intermediate layer, and the thickness of 
the intermediate layer was in the range of about 0.05 to 1 .5 um. 

[0061] The sliding members used for evaluating wear were the samples on which peeling was not observed after 
film formation or the sample of which substrate itself was not changed in quality. Tables 5 to 1 0 represent the results of 
evaluation, where O represents those samples which could be evaluated, and X represent those not. The evaluation 
was performed by the ball-on-disk test. The counterpart was a SUJ2 ball of 06 mm, sliding radius was 1 mm, the 
number of rotation was 500 rpm, total number of rotation was 10000, load was 10N and the test was conducted in 
engine oil (SAE1 OW-30), and the friction force was measured. The types of the engine oil are shown in expressions 
determined by Society of Automotive Engineers (SAE). The "SUJ2" is an expression based on the Japanese Industrial 
Standards. The coefficient of friction was calculated, cross sectional area of the wear trace or dent after the end of test 
was measured by a surface roughness gauge, and wear resistance was evaluated; For comparison, Comparative 
Example 1 was also prepared which did not have any coating formed on the substrate of SUS304. Wear resistance is 
represented as the ratio of cross sectional area of the wear trace or dent in each sample, where the cross section of the 
wear trace or dent of DLC as Comparative Example 1 is 100. The column "amount of wear in each table represents 
the ratio of the cross sectional area. The ratio of cross sectional areas of the wear trace and the coefficient of friction 
represent average value of the samples which could be evaluated. Further, the column "additive/no additive" represents 
whether dodecylbenzene was added or not added to engine oil. The ratio of carbon forming benzene nuclei of dodecyl- 
benzene to the total amount of carbon in the lubricant oil was 1 0 wt%. *■ 

(Test Example 1) 

[0062] The above described test was conducted on samples having such coating structures as shown in Figs. 1 
and 2. The results are as shown in Table 5. "Other compound" in each sample of Table 5 was amorphous. In sputtering 
or vacuum arc discharge deposition, "other compound" can be made amorphous, by simultaneously discharging 
respective evaporation sources. 
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the method of film formation, peeling of the coating was observed in some of the samples prepared by "RF-CVD/IP", 
and therefore methods of film formation other than this combination is preferable. 

(Test Example 2) 

[0064] The above described test was conducted on the samples having such coating structure as shown in Fig. 3A. 
More specifically, in the samples, the coating consisting of DLC only includes particles of other compound composed 
therein. Tables 6 and 7 represent the results of the test In the tables, "elements of other compound" represent the ele- 
ments constituting "other compound particles 5" in Figs. 3A, and "grain diameter represents outer diameter thereof. 
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[0065] As shown in Tables 6 and 7, in any of the samples, the coefficient of friction was decreased when dodecyl- 
benzene was contained in the lubricant oil. As to the method of film formation, peeling of the coating was observed in 
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some of the samples preferred by "RF-CVD/IP", and therefore other methods of film formation are preferred. Peeling of 
coating was not observed regardless of the method of film formation when the substrate was WC based cemented car- 
bide, Si 3 N 4 or Al 2 0 3 . 

5 (Test Example 3) 

rO0661 The above described test was conducted on the samples having such a coating structure as shown in Rg. 
3B In the present test, intermediate layers were formed on the samples. Tables 8 and 9 represent the result of the test. 
In the tables -elements of other compound" represents the elements constituting "other compound layer 7" of Rg. 3B. 
"thickness of other compound layer represents thickness per one layer of "other compound layer 7V"carbon Jayer 
thickness" represents thickness per one layer of "coating layer 6 consisting of DLC only", and "film thickness" repre- 
sents the thickness of the coating as a whole. In the present test, peeling of the coating was not observed .n any of the 
samples, regardless of the method of film formation. Therefore, the notation of whether the evaluation was possible or 
not (O 13 omitted. 
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[0067] it can be seen from Tables 8 and 9 that in any of the examples, the coefficient of friction becomes lower than 
Comparative Example 1 . 



(Test Example 4) 

[0068] The above described test was conducted on the samples having such a coating structure as shown in Fig. 
4. In the present test, intermediate layer was formed on every sample. Table 1 0 represents the results of the test. In the 
present test, peeling of the coating was not observed in any of the samples, regardless of the methods of film formation. 
Therefore, notation of whether the evaluation was possible or not (O M) ' s omitted. In this table, "layer 1" represents 
"remaining part 9" of Fig. 4A or "first layer 1 0" of Fig. 4B, and "layer 2" represent "particle portion 8" of Fig. 4A or 'sec- 
ond layer 11" of Fig. 4B. Further, "structure of layer 1" and "structure of layer 2" represent which one of the structure 
shown in Figs. 2, 3A and 3B corresponds to each layer. Therefore, when the layer has the structure of Fig, 3A, the col- 
umn "element of layer 1 or layer 2" represents the element constituting "other compound particles." Further, "film struc- 
ture" represents whether the overall structure of the coating corresponds to Fig. 4A or Fig. 4B. 

[0069] For example, in Sample No. 4-4, the overall structure is the stacked structure shown in Fig. 4B, "the first 
layer" is "the layer having particles of Cr composed in DLC" and "the second layer" is M a layer having particles of 'com- 
pound of C and TT composed in DLC". In Sample No. 4-1 , the overall structure is the composite structure including par- 
tides shown in Fig. 4A, "remaining part" is formed of "a material having particles of Si composed in DLC", and further, 
•particle part" is formed of"a material having particles of 'compound of C and Si' composed in DLC". 
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[00701 As can be seen from Table 10. the coefficient of friction of the examples of the present invention was lower 
than that of Comparative Example 1 , and the amount of wear was smaller. 

(Test Example 5) 

[0071] Carbon films were formed on substrates by RF plasma CVD and vacuum » ^ 

was conducted on the characteristics of the resulting coatings. Iron based alloy such as h.gh speedtoo. steel, sta.nless 
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steel and SKD, aluminum alloy and iron based sintered body were used as substrates. In order to clean the surface of 
the substrates, ultrasonic cleaning was conducted for more than ten minutes in acetone. 

[0072] Fig. 5 shows an RF plasma CVD apparatus. The apparatus includes a substrate holder 22 in the shape of a 
horizontal plate in a vacuum chamber 21 , and a heater 23 provided on a sidewall of the vacuum chamber surrounding 
the substrate holder 22. A high frequency power supply 24 and a DC power supply 25 are connected to substrate holder 
22. Vacuum chamber 21 has a gas inlet 26 and a gas outlet 27. 

[0073] When a film is formed by RF plasma CVD in such an apparatus, CH 4 , C 2 H 2 or C 6 H 6 is used as the raw mate- 
rial gas. After the substrate 28 is set in substrate holder 22 in vacuum chamber 21 , the apparatus is evacuated through 
gas outlet 27 to 2.7 x 1 0' 3 Pa. Heater 3 in the apparatus is heated to a prescribed temperature, and Ar gas is introduced 
through gas inlet 26 to vacuum chamber 21 so that atmospheric pressure in the apparatus attains 2.7Pa. Further, DC 
voltage oMOOV is applied to substrate holder 22 to cause Ar plasma, and M Ar bombard process" takes place in which 
collision of Ar ions on substrate 28 removes dirt or contamination on the surface of the substrate. Thereafter, film for- 
mation was conducted under the condition of Table 1 1 . 



75 



Table 1 1 



20 



25 



' 30 



35 



40 



RF power 


W 


200-600 


gas sources 




CH4, C2H2, CsHs 


pressure 


Torr 


0.2-0.001 


heater temperature 


°C 


50-400 



[0074] Mg 6 shows a vacuum arc discharge deposition apparatus. The apparatus has a rotation table 31 of a hor- 
izontal disk shape in a vacuum chamber 30, and a substrate holder 32 is fixed vertically on rotation table 31 . On a side- 
wall of the vacuum chamber surrounding the substrate holder 32, a target 33 (cathode electrode) is provided, and each 
target 33 is connected to a DC power supply 34. A prescribed voltage can be applied by DC power supply 35 connected 
to rotation table 31 to the substrate holder 32. Vacuum chamber 31 has a gas inlet 36 and a gas outlet 37. 
[0075] m ms apoaratus. a solid carbon is used as target 33. After the substrate 38 is set in vacuum chamber 30, 
the apparatus »s evacuated through gas outlet 37 to attain the pressure of not higher than 2.7 x 1 0' 3 Pa. Thereafter, Ar 
gas is introduced to vacuum chamber 30 through gas inlet 36, so as to attain 2.7Pa in the apparatus. At the same time, 
a DC vo tage of - 1000V is applied to substrate holder 32 to perform Ar bombard processing. Thereafter, Ar gas is intro- 
duced tc the vacuum chamber, or the gas is not introduced to the chamber and the chamber is evacuated. In this state, 
the hard carbon coating was formed under the conditions as shown in Table 12. 

Table 12 



cat hod current 


A 


30-120 


substrate bias 


V 


-800-0 


gas pressure (when Ar is introduced) 


Pa 


0.41 -2.8 


number of rotation of substrate holder 


rpm 


0-30 



45 [0076] For measuring hardness, a Knoop indentator formed of diamond was used with the load of 50g, for the time 
of applying load of 10 seconds, and an average value of ten measurement points was taken. When the surface of the 
coating was too rough to observe the shape of the dent, buffing was performed using a diamond paste of #8000, so as 
to enable observation of the dent. 

[0077] Surface roughness is an average value of eight measurement points with the measurement distance of 2.5 

50 mm, speed of measurement of 0.3 mm/s and Cut-off value of 0.8 mm. 

[0078] The coefficient of friction was measured by using a pin-on-disk tester. The conditions for the test were as fol- 
lows: load weight was 10N, speed of rotation was 104 mm/s. counterpart pin was made of SUJ2 having the diameter 
of 6 mm, and the coefficient of friction was measured in an engine oil atmosphere. The engine oil was SAE10W-40SH, 
and the temperature of testing was room temperature. 

55 [0079] The surface roughness of the carbon coating formed by RF plasma CVD was adjusted by lapping using 
abrasive materials or grinding on the surface of the substrate and varying the time of lapping arid the grain diameter of 
abrasive materials. The surface roughness of a carbon film formed by vacuum arc discharge deposition was also 
changed mainly by the state of processing of the substrate surface. When the surface roughness fta of smaller than 
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0 02 urn was to be attained, the surface of the carbon film was lapped by using diamond paste. These means for adjust- 
ing surface roughness were similarly applied in each of the examples which will be described later, 
roosoi Table 13 shows surface roughness Ra, coating hardness, type of the substrates, film thickness and coeffi- 
cient friction of coatings of which surface roughness Ra exceeds 0.2 urn and the Knoop hardness was in the range of 
1800 to 8000 kg/mm 2 . As a comparative example, the coefficient of friction of Comparative Example 5-1 having Ra 
exceeding 0 2 and Knoop hardness of 1738 was measured. The coating having the hardness of 1800 to 8000 is effec- 
tive to reduce the coefficient of friction. The coatings in accordance with the present invention consisted of carbon by at 
least 60% in atomic percentage, and it was confirmed that the coatings of the present invention were amorphous, by 
XRD (X-ray Diffraction) analysis. This also applied to the coatings in accordance with the present invention specified in 
Tables 14 and 15 as well as in the examples which will be described later. - 



Table 13 





Method of 
Film Forma- 
tion 


Knoop 
Hardness 
(kg/mm 2 ) 


Surface 
Roughness 
Ra (]im) 


Film Thick- 
ness (u.m) 


Substrate 


Coefficient 
of Friction 


Comparative Example 5-1 


VAD 


1738 


0.26 


1.1 


SUS304 I 


0.064 


Samples of 
the Inven- 
tion 


5-1 I 


RF-CVD 


4323 


0.240 


0.8 


SCM415 


0.041 


5-2 


VAD 


3564 


0.210 


0.4 


SUS304 


0.038 [ 


5-3 


VAD 


5986 


0.300 


0.2 


SCM415 


0.039 


5-4 


RF-CVD 


7230 


0.260 


0.4 


SUS304 


0.038 


5-5 


VAD 


2345 


0.240 


0.1 


SKD11 


0.044 


5-6 


VAD 


1983 


0.250 


0.4 


AC8A 


0.047 



75 



20 



25 



30 



r0081l Table 14 shows surface roughness Ra, coating hardness, types of the substrates, film thickness and coeffi- 
cient of friction of coatings having Knoop hardness not higher than 1 800 kg/mm 2 and Ra of 0.005 to 0J urn. Whe^com- 
pared with Comparative Example 5-1 . the coefficient of friction is low. More specifically, when the hardness is not higher 
than 1800 kg/mm 2 , the coating having Ra of 0.005 to 0.2 urn is effective to reduce the coefficient of friction. 



Table 14 



35 





Method of 
Film Forma- 
tion 


Knoop 
Hardness 
(kg/mm 2 ) 


Surface 
Roughness 
Ra (urn) 


Film Thick- 
ness dim) 




Coefficient 
of Friction 


Comparative Example 5-1 


VAD 


1738 


0.26 


1.1 


SUS304 


0.064 


Samples of 
the Inven- 
tion 


6-1 


RF-CVD 


1564 


0.006 


0.6 


SCM415 


0.038 


6-2 


RF-CVD 


1465 


0.090 


0.72 


SUS304 


0.037 


6-3 


RF-CVD 


1340 


0.123 


0.68 


S45C 


0.040 


6-4 


VAD 


1124 


0.034 


0.8 


SCr415 


0.042 


6-5 


RF-CVD 


1667 


0.062 


0.45 


FC250 


0.037 


I 6-6 


VAD 


1738 


0.083 


0.97 


SCM415 


0.038 



AS 



50 



55 



r00821 Table 1 5 shows surface roughness Ra. coating hardness, types of substrates, film thickness and coefficient 
of friction of coatings having Knoop hardness of 1 800 to 8000 kg/mm* and Ra of 0.005 to 0.2 urn. Fig. 7 shows the rela- 
tion between the hardness and the coefficient of friction. In the graph. Comparative Example 5-1 of Table 13 is repre- 
sented bv X the coating on which surface roughness Ra is exceeding 0.2 u™ is represented by A, and the coating 
having the surface roughness Ra of 0.005 to 0.2 urn are represented by O • The coefficient of friction is the lowest 
when the Knoop hardness is 1 800 to 8000 kg/mm 2 and Ra is 0.005 to 0.2jim. 
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Method of 
Film Forma- 
tion 


Knoop 
Hardness 
(kg/mm 2 ) 


Surface 
Roughness 
Ra (nm) 


Film Thick- 
ness (fim) 


Substrate 


Coefficient 
of Friction 




Comparative Example 5-1 


VAD 


1738 


0.26 


1.1 


SUS304 


0.064 




Samples of 
the Inven- 
tion 


7-1 


RF-CVD 


2617 


0.153 


0.8 


SCM415 


0.032 ! 


10 


7-2 


RF-CVD 


6125 


0.092 


0.8 


SCM415 


0.028 






7-3 


RF-CVD 


6929 


0.186 


0.75 


AC8A 


0.030 






7-4 


RF-CVD 


2685 


0.115 


0.8 


S45C 


0.031 


15 




7-5 


RF-CVD 


3293 


0.078 


0.9 


SCK/141^ 


o opq 






7-6 


RF-CVD 


2969 


0.063 


0.9 




n no a 






7-7 


RF-CVD 


1850 


0.032 


1 




n n^fl 


20 




7-8 


RF-CVD 




w.UOO 


n 7 




U.U Jo 




7-9 


RF-CVD 


P51 Q 


n OQ3 


no 




U.Uo/ 






7-10 


RF-CVD 


3450 


0.084 


0.6 




n npi 






7-11 


VAH 

VAL/ 


4PR3 


n OQA 


n 7 


CL<IVlH I O 




25 




7-12 




1 57V 1 


n orr 


n fl 




u.uoy 






7-13 


VAD 


0/ uo • 


n m7 






U.U^o 






7-14 


VAD 


4234 




n 3 






30 




7-15 


VAD 


241 1 


0.062 


0 P 


or\L/ i i 


U.UOD 




7-16 


VAD 


3489 


0.034 


0.15 


SCrd.1 ^ 

OVj 1 *T 1 O 








7-17 


VAD 


2087 


0.081 


0.05 


SCM415 


0.04 






7-18 


VAD 


1823 


0.083 


0.01 


SCM415 


O.041 


35 




7-19 


VAD 


2979 


0.057 


0.03 


SCM415 


0.028 






7-20 


VAD 


6595 


0.068 


0.64 


SCM415 


0.022 






7-21 


VAD 


1989 | 


0.015 


0.8 


S45C 


0.036 






7-22 


VAD 


2313 


0.045 


0.9 


SCr415 


0.035 


40 




7-23 


VAD 


3499 


0.006 


1 


SUS304 


0.03 ! 



(Test Example 6) 



45 [0083] First, in order to clean the surface of the substrate, ultrasonic cleaning is performed in acetone. Thereafter, 
various intermediate layers were formed by RF sputtering. The conditions of film formation were as follows: sputtering 
atmosphere gas was Ar gas, atmospheric pressure was 0.5Pa, atmospheric temperature was 400°C, the power applied 
to the target was 500W, and the power applied to the substrate holder was 20W. After the formation of the intermediate 
layers, amorphous carbon coatings were formed by RF plasma CVD or vacuum arc discharge deposition. The method 

so of film formation and the conditions of film formation of RF plasma CVD and vacuum arc discharge deposition were the 
same as those of Test Example 5. 

[0084] The measurement of the coefficient of friction was performed under the same conditions as the pin-on-disk 
test of Test Example 5. 

[0085] Tables 16, 1 7 and 1 8 represent the test results of intermediate layers, intermediate layer thickness, surface 
55 roughness Ra, coating hardness, types of substrates and film thickness. 
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[0086] Fig. 8 shows the relation between the hardness and the coefficient of friction. In the graph, Comparative 
Example 5-1 of Table 13 is represented by the sign X, the coating having surface roughness Ra exceeding 0.2 jim is 
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represented by A and the coating having surface roughness Ra of 0.005 to 0.2 \m is represented by O • As ' n Test 
Example 5, the results also represented that the coefficient of friction was the lowest when the Knoop hardness was 
between 1 800 to 8000 kg/mm 2 and Ra was 0.005 to 0.2 u.m. Therefore, introduction of an intermediate layer does not 
have any undesirable influence on the coefficient of friction. 

5 . 

(Test Example 7) 

[0087] In order to calculate adhesion to the substrate, critical peeling load was measured by a scratch test. A dia- 
mond cone having the tip end diameter of 200 \xm was pressed from the vertical direction and moved laterally. At this 
10 time, pushing load was increased by 1 1 .5N/mm. AE (Acoustic Emission) when the substrate peels off from the film was 
detected by a sensor, and the pushing load when AE was generated was taken as the critical peeling load. As the actual 
portion of peeling is sometimes different from the portion where AE generates, final determination of the peeling load 
was made by visual observation. 

[0088] As a test piece, a coating was used which had an intermediate layer formed on the substrate by sputtering 
is and further an amorphous carbon coating formed thereon. Table 1 9 represents the results. As a comparative example, 
an amorphous carbon film formed directly on the substrate without any intermediate layer was also tested. It was found 
that by the introduction of the intermediate layer, adhesion was increased. 
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. (Test Example 8) 
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[0089] Films were formed under the conditions as shown in Tables 1 1 and 12 by the similar methods of film forma- 
tion as in Test Example 5. The method of measuring hardness and surface roughness were as described in Test Exam- 
ple 5. The coefficient of friction was measured by a pin-on-disk tester. The conditions of testing were as follows: load 
weight was 1 0N, speed was 26 mm/s, total sliding distance was 290m, the counter material pin was made of SUJ2 hav- 
ing the diameter of 6 mm, and the coefficient of friction was measured in engine oil. The engine oil was SAE10W-40- 
SH, and the test temperature was room temperature. The amount of wear of the counterpart after the friction test was 
calculated based on the projection area of the wear trace on the pin. 

[0090] Table 20 represents surface roughness Ra, coating hardness, types of substrates, film thickness and the 
coefficient of friction of coatings having surface roughness Ra exceeding 0.2 jim and the Knoop hardness between 
2000 to 6000 kg/mm 2 . As a comparative example, the coefficient of friction of an amorphous carbon film (Comparative 
Example 8-5) having Ra exceeding 0.2 urn and Knoop hardness of 1 738 kg/mm 2 was measured. When compared with 
Comparative Example 8-5, the coefficient of friction was reduced. Namely, the coating having the hardness of 2000 to 
6000 kg/mm 2 is effective to reduce the coefficient of friction. 



Table 20 





Method of 
Film Forma- 
tion 


Knoop 
Hardness 
(kg/mm 2 ) 


Surface 
Roughness 
Ra (jim) 


Film Thick- 
ness (vim) 


Type of 
Substrate 


Coefficient 
of Friction 


Comparative Example 8-5 


VAD 


1738 


0.26 


1.1 


SUS304 


0.07 


Samples of 
the Inven- 
tion 


10-1 


RF-CVD 


4563 


0.250 


0.9 


SUS304 


0.042 


10-2 


VAD 


3655 


0.225 


0.63 


SCM415 


0.045 


10-3 


VAD 


2634 


0.233 


0.45 


SKD51 


0.048 ! 


10-4 


VAD 


5867 


0.246 


1.65 


S45C 


0.042 
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[0091] Table 21 represents surface roughness Ra, coating hardness, types of substrates, film thickness and the 
coefficient of friction of the coatings having Knoop hardness of 2000 to 6000 kg/mm 2 and Ra of 0.005 to 0.2 urn. 
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Table 21 





Method of 
Film Forma- 


Knoop 
Hardness 


Surface 
Roughness 


Film Thick- 
ness (um) 


Type of 
Substrate 


of Friction 




tion 


(kg/mnr) 


Ra (um) 








Comparative Example 8-5 


VAD 


1738 


0.26 


1.1 




n (\~7 \ 


Samples of 


11-1 


RF-CVD 


3587 


0.165 


1.79 


oUooU** 


U.UjO 


the Inven- 


11-2 | 


RF-CVD 


4567 


0.070 ~ 


2.65 


S45C 


— U.Uob 


tion 


11-3 


RF-CVD 


4123 


0.007 


1.02 


SCM415 


ft HOC 




11-4 


RF-CVD 


2568 


0.176 


0.86 


FC250 


ft no7 
0.037 




11-5 


RF-CVD 


2236 


0.093 


0.53 


SCM415 


ft ftoe 

0.03b 




11-6 


RF-CVD 


3235 


0.065 


0.46 


S45C 


0.032 




11-7 


RF-CVD 


2243 


0.122 


0.44 


SKD51 


0.046 




11-8 


VAD 


2689 


0.096 


0.3 


SUS304 


0.035 




11-9 


VAD 


3987 


0.065 


1.95 


SCr415 


0.032 




11-10 


VAD 


4359 


0.042 


1.65 


AC8A 


0.028 




11-11 


VALJ 


QRC7 


0.078 


0.78 


SKD11 


0.03 




11-12 


VAD 


2697 


0.165 


0.66 


FC250 


0.038 




11-13 


VAD 


4867 


0.086 


0.35 


SKD51 


0.029 




11-14 


VAD 


2374 


0.146 


0.22 


SUS304 


0.046 




11-15 


VAD 


5682 


0.032 


1.88 


SCr415 


0.026 




11-16 


VAD 


3668 


0.01 


2.67 


SCM415 


0.031 
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T00921 Fig 9 shows the relation between the hardness and the coefficient of friction. Comparative Example 8-5 of 
Table 20 is represented by the sign X, the coating having surface roughness Ra exceeding 0.2 urn is represented by a 
Td the coating having surface roughness Ra of 0.005 to 0.2 um is represented by O - The coefficient of friction ,s the 
lowest when the Knoop hardness is 2000 to 6000 kg/mm 2 and Ra is within the range of 0.005 to 0.2 urn. 
0093 Table 22 represents the amount of wear of the counterpart pin is made of SUJ2 re.ative to the samples 
shown in Table 21. The amount of wear is a projection area of the worn portion of the pin viewed from the d.rect.on of 
pushing load A value of the wear amount of the counterpart of each coating standardized by the amount of wear of the 
40 counterpart made of TiN (hardness 1748 kg/mm 2 , Ra =0.113 urn), that is. the val u * 

wear of the counterpart for each coatings/amount of wear of the counterpart made of TIN (hardness 1748 kg/mm , Ra 
= 0.1 13 um)) is also shown in Table 22. 



Table 22 
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Method of 
Film Forma- 
tion 


Knoop Hard- 
ness 
(kg/mm 2 ) 


Surface 
Roughness 
Ra (urn) 


Hardness x 
Ra 


Trace (mm 2 ) 


Ratio of 
Wear 
Amount 


TiN 


VAD 


1748 


0.113 


197 


0.45 


1 


TiN 


VAD 


2437 


0.196 


477 


0.678 


1.50 


TiN 


VAD 


2265 


0.152 


344 


0.586 


1.30 
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Table 22 (continued) 





Method of 
Film Forma- 
tion 


Knoop Hard- 
| ness 
(kg/mm 2 ) 


Surface 
Roughness 
Ra (uxn) 


Hardness x 
Ra 


Area of Wear 
Trace (mm 2 ) 


Ratio of 
Wear 
Amount 


Samples of 


12-1 


RF-CVD 


3587 


0.165 


591 


0.476 


1.06 


the Invention 


12-2 


RF-CVD 


4567 


0.070 


319 


0.398 


0.88 




12-3 


RF-CVD 


4123 


0.007 


28 


0.144 


0.32 




12-4 


RF-CVD 


2568 


0.176 


451 


0.435 


0.97 




12-5 


RF-CVD 


2236 


0.093 


207 


0.316 


0.70 




12-6 


RF-CVD 


3235 


0.065 


210 


0.344 


0.76 




12-7 


RF-CVD 


2243 


0.122 


273 j 


0.374 


. 0.83 




12-8 


VAD 


2689 


0.096 


258 


0.31 


0.69 




12-9 


VAD 


3987 


0.065 


259 


0.335 


0.74 




12-10 


VAD 


4359 


0.042 


183 


0.304 


0.68 




12-11 


VAD 


3657 


0.078 


285 


0.366 


0.B1 




12-12 


VAD 


2697 | 


0.165 


445 


0.426 


0.95 




12-13 


VAD 


4867 


0.086 


418 


0.401 


0.B9 




12-14 


VAD 


2374 j 


0.146 


346 


0,405 


0.9 




12-15 


VAD 


5682 


0.032 


181 


0.267 


0.59 




12-16 


VAD 


3668 


0.01 


36 


0.223 


0.50 
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[0094] Fig. 10 represents the relation between the wear amount ratio and Ra (|im) x Hk (kg/mm 2 ). As a result, it 
was found that the ratio of wear amount of the amorphous carbon film was in proportion to Ra (|im) x Hk (kg/mm 2 ). 
Even when the value of Ra (ujn) x Hk (kg/mm 2 ) was the same, the attacking of the counterpart of the amorphous car- 
bon film was not so severe as compared withTiNfilnri; In order that the amorphous carbon film has lower attacking prop- 
erty than other nitride, the value Ra (urn) x Hk (kg/mm 2 ) should be at most 500. Therefore, when lower attacking 
property as well as low coefficient of friction are to be attained, a coating is desirable which satisfies the value A of not 
higher than 500, where the value A is Ra (u,m) x Hk (kg/mm 2 ) = A . 

(Test Example 9) 

[0095] Intermediate layers were formed by the similar methods and similar conditions as in Test Example 6. There- 
after, amorphous carbon coatings were formed by RF plasma CVD or vacuum arc discharge deposition. The method 
of film formations and conditions of film formation of RF excited plasma CVD and vacuum arc discharge deposition are 
similar to those of Test Example 5. 

[0096] The measurement of the coefficient of friction was conducted under the same conditions as the pin-on-disk 
test of Test Example 5. Tables 23 and 24 represent intermediate layers, thickness of intermediate layers, surface rough- 
ness, coating hardness, types of substrates, film thickness and the coefficient of friction. Fig. 11 shows the relation 
between the hardness and the coefficient of friction. In the graph, Comparative Example 8-5 of Table 20 is represented 
by X, the coating have the surface roughness Ra exceeding 0.2 um is represented by a, and the coating having surface 
roughness Ra is between 0.005 to 0.2 um is represented by Q ■ Tne coefficient of friction is the lowest when the Knoop 
hardness is within the range of 2000 to 6000 kg/mm 2 and Ra is in the range of 0.005 to 0.2 urn. The results are similar 
to those obtained in Test Example 8, and therefore it was found that introduction of the intermediate layer does not have 
any undesirable influence on the coefficient of friction. 
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! Coefficient 
of Friction 


0.07 


0.033 


0.057 


0.041 i 


0.038 ! 


0.032 


0.031 


0.034 


0.037 


0.036 


0.042 


0.053 


0.048 


0.041 


0.03 


0.028 I 


0.027 


0.045 


0.03 


0.052 


0.044 


0.035 


Type of 
Substrate 


SUS304 


SKDll 


SUS304 


S45C 


SCM415 


SKDll 


SCM415 


SCM415 


SKDll 


SUS304 


CD 

CQ 
U 

O 

c*o 


FC250 


.SUS304 


SCM415 


SKDll 


SCM415 


S45C 


SUS304 


CD 

CO 

-V 
u 

O 
CO 


AC8A 


SCM415 


SKH51 


Film 
Thickness 
Oim) 


e— 4 
e— i 


0.26 


0.79 


CO 

CO 
f— 1 


1.37 


0.31 1 


0.67 


0.77 


0.88 1 


1.11 


1.68 


0.54 


0.24 


0.13 


S 0.88 


CD 
CO 
wi 


1.87 


0.63 


0.67 


oo 

CO 
*— « 


0.74 j 


I 0.89 


Surface 
Roughness Ra 
Oim) 


CO 
CM 

o 


0.196 


0.164 


0.024 


0.066 


0.072 1 


0.084 


0.097 


0.115 


0.041 


0.036 


0.157 


! 0.007 


0.125 


i 0.053 


0.074 


0.062 


0.033 


0.048 


0.135 


0.164 


1 0.074 


s S £ 

111 


1738 


4631 


2137 


3374 


3584 


5872 1 


4235 


3798 


2858 


5362 


3124 


2174 


2586 


3647 


4768 


4986 


5634 


2764 


1 5896 


2343 • 


2854 


1 3763 


Method of 

Film 
Formation 


VAD 


RF-CVD 


O 


RF-CVD 


OVA 


OVA I 


VAD 


OVA 


OVA 


OVA 


OVA 


VAD 


OVA 


VAD 


VAD 


1 


VAD 


VAD 


VAD 


OVA 


VAD 


OVA 1 




• 


0.26 


0.49 


0.85 


0.77 


0.47 


0.15 


0.12 


0.43 


0.26 


0.59 


0.74 


0.68 


0.66 


1 0.53 


0.31 


1 0.24 


UD 
O 


i 0.84 


1 0.53 


0.59 


1 0.74 


Type of 
IntsrmediaU 
Layer 


• 


Hf carbide 


Ta carbide I 


Zr carbide 


P 


P 


Cr 


Cr carbide 


> 


H3 




w 


Nb 


Nb 






■> 


Zr 


JH 1 


j W carbide 


Nb carbide 


1 Ti carbide 




Comparative 
Example 8-5 


13-21 


13-22 


13-23 


13-24 


ID 
CSI 
CO 


13-26 


t~ 

CSI 

eo 


13-28 


Oi 
CS 

CO 


o 

op 

CO 


13-31 


13-32 


13-33 


13-34 


13-35 


13-36 


13-37 


oo 

co 

CO 


13-39 


o 

• 

CO 


1 13-41 








Samples of 
the Invention 
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(Test Example 1 0) 

roo971 Scratch test was performed in the similar manner as in Test Example 7, and adhesion between the substrate 
and the coating was studied. The method and conditions of the test were the same as in Test Example 7 The results 
are as shown in Tables 25 and 26. A comparative example is an amorphous carbon film directly formed on the substrate 
without any intermediate layer. It was found that by the introduction of the intermediate layer, the adhesion was 
increased. 
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(Test Example 11) 

[0098] The samples of coatings were each formed on a cam as an engine part, and the torque was measured by 
motoring test. By the motoring test of Examples 5-3, 6-2, 6-6, 7-5, 7-1 6, 8-1 4 and 8-38, reduction in torque by 1 0 to 30% 
5 from Comparative Example 5-1 was confirmed. 

(Test Example 12) 

[0099] Films were formed by RF magnetron sputtering (SP), unbalanced magnetron sputtering (UBM), vacuum arc 
10 discharge deposition (VAD) and hot filament CVD (HCVD). Iron based alloys such as high speed tool steel, stainless 
steel and SKD, aluminum alloy and iron based sintered body were used as the substrates. In orderto clean the surface 
of the substrate, ultrasonic cleaning of at least 1 0 minutes was performed in acetone. 

[0100] In film formation according to RF magnetron sputtering, a solid carbon target was used, and the film was 
formed in Ar gas atmosphere. An RF power could be applied to a target and to the substrate holder. In the embodiment, 
is hard carbon coatings having arbitrary Raman spectral profiles could be formed by changing various conditions, pro- 
vided that the bias to be applied to the substrate was at most 150W, atmospheric pressure was at most 4Pa and the 
substrate temperature was at most 873K. 

[0101] In unbalanced magnetron sputtering method, a solid carbon target was used as the raw material, an argon 
gas to which 0 to 50% of CH 4) C 6 H 6 or C 2 H 2 was added to the atmosphere, pulsed DC was applied to the target, and 
20 pulsed or non-pulsed DC applied to the substrate. In the embodiment, hard carbon coatings having arbitrary Raman 
spectral profiles could be formed by changing various conditions provided that the bias to be applied to the substrate 
was at most 600V, atmospheric pressure was at most 4Pa, and substrate temperature was at most 873K, with the 
amount of CH 4 , C 6 H 6 or C 2 H 2 varied. 

[0102] In vacuum arc discharge deposition also, a solid carbon target was used for film formation. Inert gas atmos- 
25 phere such as Ar or in vacuum, a cathode arc discharge was generated on the surface of the carbon target, so that car- 
bon was evaporated. The evaporated carbon was turned to ions and activated by arc plasma, and reached the 
substrate which was negative, whereby the hard carbon film was deposited. In the embodiment, hard carbon coatings 
having arbitrary Raman spectral profiles could be formed by changing various conditions provided that the atmospheric 
pressure was at most 4Pa, substrate temperature was at most 873K and the voltage applied to the substrate was at 
^30 most 300V. 

[0103] In film formation by hot filament CVD, a gas selected from CH 4 , C 6 H 6 and C 2 H 2 was used as the raw mate- 
rial, and the film was formed in hydrogen atmosphere. By changing the atmospheric pressure, distance between the 
filament and the substrate and the amount of CH 4 , C 6 H 6 or C 2 H 2 , hard carbon coatings having arbitrary Raman spec- 
tral profiles could be formed. The embodiment could be implemented by setting the amount of CH 4 , C 6 H 6 or C 2 H 2 to 
35 be at most 50 vol%. 

[0104] By the above described methods, hard carbon films of different thicknesses were formed. Raman scattering 
spectroscopy was performed on the resulting coatings, using an argon ion laser having the wavelength of 514.5 nm. 
The background of the resulting spectrum was removed and the waveforms were separated by Gaussian function so 
that peak intensity and peak integration intensity were calculated. The peaks could be classified into three peaks, that 

40 is, one between 500cm" 1 to 1000cm" 1 , one around 1340cm" 1 and one around 1560cm" 1 . 

[0105] Friction wear test in accordance with the pin-on-disk method was performed on the resulting hard carbon 
films. The atmosphere was lubrication by dropping gasoline, light oil and engine oil SAE1 0W-30SG. The hard carbon 
film was used as the disk, the counterpart material was a pin formed of SUJ2 having the tip end radius of curvature R 
of 3 mm, load was 10N, the speed of rotation was 250rpm (sliding speed 50 mm/sec) and the number of rotation was 

45 50,000. The coefficient of friction was measured after the end of sliding test of 50,000 times, and after the sliding test, 
the shape of the disk wear trace was measured by a surface roughness gauge, and the wear cross section was calcu- 
lated based on the geometrical shape. The wear amount of each coating was as shown in the table, where the amount 
of wear of Comparative Example 12-4 was set to 1 . The thickness and hydrogen content of the hard carbon films were 
also measured. The results are as shown in Tables 27 and 28. 
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(Test Example 13) 

r0106l Hand carbon coatings in accordance with Examples 12-2. 4. 8. 10, 16. 20. 22. 23. 25. 27. 29 and 31 were 
each formed on an outer periphery of a shaft of 08 mm. Thereafter, the resulting shaft was combined with a bearing of 
sSn nttride or A , 2 o 3 . and used under lubrication by dropping engine oil SAE10W-30SG. The Irfe unf. breakage and 
me wear amount were improved by 1 .5 to 4 times than the cart.cn coatings in accordance w,th Comparabve Examples 
12-1 to 12-4. 
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(Test Example 14) _ _ : 

r0107l The hard carbon films in accordance with Examples 12-2, 4, 8. 10, 16, 20, 22, 23, 25, 27, 29 and 31 were 
each formed on a piston skirt portion of an engine formed of aluminum alloy AC8A, and used under lubricat.on by drop- 
pfng engTne oil SAE1 0W-30SG. Wear resistances were measured, and the coefficient of friction was reduced by 20 to 
80% as compared with Comparative Examples 12-1 to 12-4. 

(Test Example 15) 

r0108] Hard carbon coatings in accordance with Examples 12-3, 7, 11. 16, 20, 21, 24, 26, 28 and I 30 were each 
Zed on a surface of a valve shim, and used under lubrication by dropping engine oil SAE1 0W-30SG and the cam 
torque was measured. The torque was reduced by about 15 to 60% than the parts on which coatings ,n accordance 
with Comparative Examples 1 2-1 to 4 were formed. 

(Test Example 16) 

r01091 Hard coatings were formed on the substrates in accordance with the same method as Test Example 1 2 and 
hrcoefficiem of friction and the amount of wear were measured by the similar test. The wear amount was standardized 
usin JnSunt of Comparative Example 16-1 as 1. Densities of the resulting hard coatings were also meas- 

The density was calculated by dividing the change in weight of the sample, substrate and film, before and after 
film formation by deposition volume. The conditions and results are as shown in Table 29. 
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50 

1011 01 As can be seen from the table 29. the examples of the present invention having the density of at least 2.6 
g)cm 3 have smaller coefficient of friction as compared with Comparative Example 1 6-1 . and the amount of wear ,s also 
smaller. 
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(Test Example 17) 

[011 1] Hard coatings were formed on the substrates in the similar methods of film formation as Test Example 1 2, 
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and the coefficient of friction and the amount of wear were measured by the similar tests. The amount of wear was 
standardized using the amount of wear of Comparative Example 17-1 as 1 . Further, the amount of carbon component 
having SP 2 bond of the resulting hard coatings was also calculated. The amount of carbon component was calculated 
by standardizing peak intensity derived from SP 2 bonded carbon in the sample spectrum in accordance with EELS by 
using peak intensity of graphite (SP 2 ratio is 100 at.%). Conditions and results of the test are as shown in Table 30. 



Table 30 





SP, 
Bonding 
Ratio 
(at%) 


Film 
Thickness 
(urn) 


Substrate 


Lubricant 


Method of 

Film 
Formation 


Coefficient 
of Friction 


Amount 
of Wear 


Comparative 


17-1 


50 


1.5 


SUS304 


engine oil 


SP 


0.06 


1 


Invention 


17-1 


20 


6.5 


SCM415 


engine oil 


SP 


0.04 


0.6 


17-2 


15 


0.5 


SUS304 


engine oil 


VAD 


0.04 


0.7 


17-3 


25 


0.1 


SuN« 


engine oil 


UBM 


0.03 


0.2 


17-4 


10 


1.2 


SKH51 


engine oil 


HCVD 


0.04 


0.3 


17-5 


5 


2.5 


FC450 


engine oil 


UBM 


0.05 


0.5 
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[011 2] As can be seen from table 30, examples of which carbon component having SP 2 bond was within the range 
of 1 to 40 at.% had smaller coefficient of friction and smaller wear amount than Comparative Example 17-1 . 
[0113] Although the present invention has been described and illustrated in detail, it is clearly understood that the 
25 same is by way of illustration and example only and is not to be taken by way of limitation, the spirit and scope of the 
present invention being limited only by the terms of the appended claims. 

Claims 

1. A hard coating (2) used in the presence of a lubricant and comprising a layer mainly consisting of carbon. 



?30 



35 



40 



45 



50 



55 



6. 
7. 



The hard coating (2) according to claim 1 , wherein said hard coating is substantially formed of carbon and hydro- 
gen only. 

The hard coating according to claim 1, wherein said hard coating contains, as other compound (3), at least one 
selected from elements of IVa, Va and Via groups of the periodic table, an ion group metal, Al and Si as well as a 
carbide, a nitride and a nitrided carbide thereof, and 

said other compound is an amorphous. 

The hard coating according to claim 1, wherein said hard coating includes a layer (6) mainly consisting of carbon 
and a layer (7) of other compound stacked alternately, 

said other compound layer (7) includes at least one selected from elements of IVa, Va and Via groups of the 
periodic table, an ion group metal Al and Si as well as a carbide, a nitride and a nitrided carbide thereof, and 
thickness per layer of said other compound layer is in the range of 0.0005 to 0.6 urn. 

The hard coating according to claim 1, wherein said hard coating includes particles (5) of othercompound com- 
posed in a layer (4) mainly consisting of carbon, 

said other compound contains at least one selected from elements of IVa, Va and Via groups of the periodic 
table, an ion group metal, Al and Si as well as a carbide, a nitride and a nitrided carbide thereof, and 
grain diameter of said other compound is in the range of 0.001 to 0.5 urn 

The hard coating (2) according to claim 1 , wherein thickness of said hard coating is in the range of 0.05 to 1 00 u.m. 

The hard coating (2) according to claim 1, wherein said hard coating is amorphous and has Knoop hardness (Hk) 
of at least 1 800 kg/mm 2 and at most 8000 kg/mm 2 . 
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8. The hard coating (2) according to claim 1 , wherein said hard coating is amorphous and has surface roughness Ra 
of at least 0.005 urn and at most 0.2 urn. 

9 The hard coating (2) according to claim 1 , wherein said hard coating is amorphous and has Knoop hardness (Hk) 
s oTat toast 1 800 kg/mm 2 and at most 8000 kg/mm 2 and surface roughness Ra of at least 0.005 urn and at most 0.2 

urn. 

1 0. The hard coating according to claim 9, having a value A of at most 500, where Ra x Hk = A. 

ip 11. The hard coating (2) according to claim 7 or 8 wherein Knoop hardness of the coating is at least 2000 kg/mm 2 and 
at most 6000 kg/mm 2 . 

12 The hard coating according to claim 1 . having a peak between wave number of 500 to 100cm- 1 in a Raman spec- 
" trum obtained by Raman scattered spectroscopy using an argon ion laser having a wavelength of 51 4.5 nm. 

W 13 The hard coating (2) according to claim 12. wherein intensity ratio (I 600/I 1340) between a peak intensity (I I 600) 
existing in a range of 500 to 1000cm" 1 of wave number and peak intensity (1 1340) existing around wave number of 
1340cm -1 is at least 0.02 and at most 2.5. 

,o 14 The hard coating (2) according to claim 12 or 13. wherein intensity ratio (S600/S1340) of peak integration intensity 
^60?.) exSg in a range of 500 to 1000cm" 1 of wave number and peak integration intensity (S1340) existing 
around a wave number of 1 340cm" 1 is at least 0.01 and at most 2.5. 

15 The hard coating (2) according to claim 1. substantially formed of carbon only, wherein ratio (I 1340/1 1560) 
between peak intensity around a wave number of 1560cm" 1 and peak intensity (. 1340) around a wave number of 
1340cm" 1 in a Raman spectrum obtained by Raman scattering spectroscopy using an argon ion laser having a 
wavelength of 514.5 nm is at least 0.1 and at. most 1 .2. 

16 The hard coating (2) according to claim 1. substantially consisting of carbon only, wherein ratio (S1340/S1560) 
S^een peak integration intensity (S1560) around a wave number of 1560cm" 1 and peak integration intensity 
(S1340) around a wave number of 1340cm" 1 in Raman spectrum obtained by Raman scattering spectroscopy 
using an argon ion laser having a wavelength of 514.5 nm is at least 0.3 and at most 3. 

17 The hard coating (2) according to claim 1. substantially consisting of carbon only, and a peak around a wave 
number oi 1560cm" 1 exists in a range of 1560cm" 1 to 1580cm" 1 of wave number in a Raman spectrum obtained by 
Raman scattering spectroscopy using an argon ion laser having a wavelength of 514.5 nm. 

18. The hard coating (2) according to claim 1 , having coating density of 2.6 to 3.6 g/cm 3 . 

40 19. The hard coating (2) according to any of claims 1. 12 to 14 and 18. substantially consisting of carbon only. 

20. The hard coating (2) according to claim 1 . wherein carbon component having SP 2 bond in said hard coating is 1 to 
40at%. 

as 21 . The hard coating (2) according to any of claims 7 to 20, wherein thickness of said hard coating is 0.05 urn to 1 0 jim. 

22. The hard coating (2) according to claim 1 . wherein the lubricant includes an aromatic compound. 

23 The hard coating (2) according to claim 1 . wherein the lubricant is one selected from a group consisting of engine 
so ' oil. light oil. gasoline, gear oil. turbine oil. spindle oil, machine oil. mobile oil. aircraft lubricant oil and grease. 

24. A coated member having a hard coating (2) formed at least on a part of a substrate (1), wherein said hard coating 
(2) is according to any of claims 1 to 23. 

55 25 The coated member according to claim 24, having an intermediate layer (1 2) between said substrate (1) and said 
hanj coating (2), wherein said intermediate layer (12) is formed by at least one selected from elements of IVa. Va 
and Via groups of the periodic table, Al and Si as well as a carbide, a nitride and a nitrided carb.de thereof. 
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26. The coated member according to claim 25, wherein thickness of said intermediate layer (12) is 0.01 to 1 |im. 

27. The coated member according to claim 24, wherein said substrate (1) is at least one selected from a group con- 
sisting of ceramics, an iron based alloy, an aluminum alloy and an iron based sintered body. 
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FIG. 1 
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FIG. 4A 




FIG. 4B 
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FIG. 8 
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FIG. 9 
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FIG. 11 
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